The ischemic threshold of protein synthesis and energy state was determined 1,6, and 12 h after mid dle cerebral artery (MeA) occlusion in rats. Local blood flow and amino acid incorporation were measured by double tracer autoradiography, and local A TP content by substrate-induced bioluminescence. The various images were evaluated at the striatal level in cerebral cortex by scanning with a microdensitometer with 75 f.Lm resolu tion. Each 75 x 75 f.Lm digitized image pixel was then converted into the appropriate units of either protein syn thesis, ATP content, or blood flow. The ischemic thresh old was defined as the flow rate at which 50% of pixels exhibited complete metabolic suppression. One hour af ter MeA occlusion, the threshold of protein synthesis was 55.3 ± 12.0 ml 100 g-I min -I and that of energy failure was 18.5 ± 9.8 miIOO g-I min-I. After 6 and 12 h of MeA occlusion, the threshold of protein synthesis did not change (52.0 ± 9.6 and 56.0 ± 6.5 ml 100 g-I
The occlusion of a major intracerebral artery causes a reduction in blood flow, the density of which depends on collateral circulation and local blood perfusion pressure. According to the classic concept of ischemic thresholds, cell death ensues as soon as blood flow decreases below 15-20% of con trol (Branston et aI., 1974 (Branston et aI., , 1976 (Branston et aI., , 1977 Astrup et aI., 1977 Astrup et aI., , 1981 Symon et aI., 1977) , i.e., a flow rate required to provide the minimum amount of oxygen and substrates for the prevention of complete cell min -1, respectively) but the threshold of energy failure increased significantly at 12 h following MeA occlusion to 31.9 ± 9.7 miIOO g-l min-I (p < 0.05 compared to 1 h ATP threshold value; all values are mean ± SD). In focal cerebral ischemia, therefore, the threshold of en ergy failure gradually approached that of protein synthe sis. Our results suggest that with increasing duration of ischemia, survival of brain tissue is determined by the high threshold of persisting inhibition of protein synthesis and not by the much lower one of acute energy failure. If the ischemic penumbra is considered to comprise the re gion in which cerebral protein synthesis is suppressed and energy state is preserved, it follows that the size of the penumbra decreases with the duration of ischemia. Key Words: Focal cerebral ischemia-Ischemic penumbra Double tracer autoradiography-Blood flow-Protein synthesis-Regional energy metabolism. membrane depolarization. This threshold is also equivalent to the maintenance of tissue energy state. However, when ischemia is permanent, the threshold of cell viability is likely to increase grad ually with time. This raises the question if cell sur vival is limited by factors other than maintenance of energy state and ion homeostasis.
Recently, we were able to show that amino acid incorporation into brain proteins of gerbils submit ted to unilateral common carotid artery occlusion begins to decline at flow rates <70% of control, and is completely inhibited when it further decreases to 25% of control (Xie et aI., 1989) . This value far exceeds the threshold of energy metabolism and ion pump failure. Suppression of protein synthesis does not immediately cause cell dysfunction but it will lead to cell death if not reversed. We therefore were interested to know if the threshold of protein syn thesis declines or if that of energy metabolism in-creases with time. For this purpose, focal ischemia was induced by middle cerebral artery (MeA) oc clusion in rats. Local cerebral blood flow, amino acid incorporation, and tissue energy state were measured simultaneously using a combination of double tracer autoradiography and substrate-in duced bioluminescence. The results of the present study demonstrate that during the initial 12 h after onset of focal ischemia, the threshold of protein synthesis inhibition does not change but that of en ergy metabolism failure gradually increases. This indicates that the size of the ischemic penumbra decreased with the duration of ischemia. The extent of brain injury, as a consequence, is determined by the ischemic threshold of protein synthesis and not by the much lower ischemic threshold of acute en ergy state failure.
MATERIALS AND METHODS

Experimental groups
Experiments were carried out in II male rats of the CDF 344 strain under halothane anesthesia. Three ani mals were sham-operated controls, and the other eight animals were subjected to permanent unilateral MCA oc clusion for 1 h (n = 3), 6 h (n = 2), and 12 h (n = 3).
Surgical procedures
Animals were anesthetized with 1.5% halothane and 30% N20, with the remainder oxygen. Rectal tempera ture was maintained at 37°C by a feedback-controlled heating system. Catheters were introduced into a femoral artery and vein for infusion of tracers, sampling of arterial blood, and blood pressure recording. The left MCA and lenticulostriate branches were exposed by a subtemporal craniotomy (Tamura et aI., 1981) and electrocoagulated. After termination of surgery, halothane was reduced to 0.8%, and animals were kept in this state throughout the remainder of the experiment.
Time course of tracer application
For the measurement of amino acid incorporation into brain proteins, [14C]-I-leucine ([ 14C]leu: 100 J.LCi/kg; spe cific activity of 54.4 mCi/mmol; NEN, Dreieich, F.R.G.) was infused intravenously over 30 s while arterial blood samples were collected at increasing time intervals. Blood probes were immediately centrifuged to separate plasma from blood cells for the measurement of plasma free leucine specific activity. Thirty minutes after [14CJleu administration, cerebral blood flow was measured by in travenous ramp infusion of [13I Ijiodoantipyrine ([ 13 11] lAP: 1 mCi/kg; specific activity of 7.45 mCilmg; Amer sham, Braunschweig, F.R.G.) for 45 s while collecting arterial blood samples onto preweighed filter paper. At 40 s, after the beginning of the e3II]IAP infusion, exposed skulls were immersed into a cup filled and continuously replenished with liquid nitrogen for in situ freezing of brain tissue to allow the additional determination of re gional tissue ATP content. This freeze-fixation procedure
is similar to funnel-freezing of brain tissue as introduced by Ponten et al. (1973) . Arterial blood [13 1I]IAP radioac tivities were determined in a gamma counter (Biogamma II, Beckman Instruments, Inc., Fullerton, CA, U.S.A.).
Quantitative autoradiography and A TP bioluminescence
Tissue processing. After termination of in situ freezing, brains were immediately removed in a cold temperature cabinet ( -20°C) and cut into 20 J.Lm thick coronal cryostat sections at -20°C (Cryocut, SLEE, Mainz, F.R.G.). Tis sue samples were also taken from temporoparietal cortex including the infarction border zone for biochemical anal ysis of specific activity of free tissue leucine and of tissue ATP concentration in MCA-occluded and contralateral cortex (see below).
Double tracer autoradiography. Cryostat sections and 13 11 standards were exposed immediately after the exper iment to a x-ray film (Kodak NMB, Rochester, NY, U.S.A.) for 24 h. After complete decay of e3II]IAP, i.e., 8 weeks, the same sections and 14C standards were ex posed again to an x-ray film (Kodak NMB) for 14 days to assess total tissue 14C radioactivity (Mies et aI., 1981a (Mies et aI., , 1981b (Mies et aI., , 1986 . Brain slices were then incubated for 24 h in 10% trichloroacetic acid (TCA) to remove labeled free leucine and metabolites other than proteins, and subse quently reexposed for the same duration to perform au toradiography of 14C-labeled proteins (Yoshimine et al., 1987; Xie et aI., 1989) .
ATP bioluminescence. Alternate 20 J.Lm cryostat sec tions were freeze-dried at -20°C and coated with a layer of frozen reaction mix containing all enzymes, coen zymes, and cofactors necessary for evoking ATP-specific bioluminescence (Kogure and Alonso, 1978) . The tissuel enzyme bilayer was thawed in a dark room at room tem perature, and the resultant light emission was recorded on photographic film (Agfa Pan, 200 or 400 ASA).
Image processing. Optical densities of all images were digitized at 75 J.Lm steps using a rotating densitometer (Scandig 3, Joyce Loebl, Gateshead, U.K.) driven by a laboratory computer (PDP 11124, Digital Equipment, Maynard, MA, U.S.A.). All digitized images were trans ferred to a Macintosh II personal computer (Apple Com puter Inc., Cupertino, CA, U.S.A.) and were then aligned to match the images' outline to that of the blood flow autoradiogram using the software program IMAGE (cour tesy of W. Rasband, NIH, Bethesda, MD, U.S.A.). ATP images 20-100 J.Lm distant from the section for the blood flow autoradiograph had to be adjusted by a scaling factor (1.04) due to shrinkage of the sections induced by freeze drying prior to ATP bioluminescence. The optical density of each image pixel (75 x 75 J.Lm) was converted to tissue isotope radioactivity by using appropriate standards for the extinctionlradionuclide activity relationship. Local blood flow was calculated according to the procedure de scribed by Sakurada et al. (1978) . Local protein synthesis was expressed as the ratio of labeled 14C protein to total tissue 14C radioactivity (fractional protein radioactivity). Local A TP concentration was determined by calibrating ATP bioluminescence images with the values measured enzymatically in the tissue samples taken from the cry ostat block. Correlations of the three variables were car ried out in cerebral cortex ipsilateral to the occluded MCA. Using a Macintosh Plus personal computer and software developed in house, the left cortex was outlined, and blood flow, fractional protein synthesis, and ATP concentration were computed for each pixel inside the outlined region.
Data reduction of the correlation plots between pixel flow, fractional protein radioactivity, and ATP concen tration in a set of images was achieved by counting the number of pixels with metabolic suppression in flow classes of 10 ml 100 g-I min -I intervals. Suppression of protein synthesis was defined as the decrease in protein incorporated 14C radioactivity below 10% of total 14C_ tissue radioactivity and suppression of energy metabo lism as the decrement of ATP below 0.2 f-lmol/g of tissue wet weight. These values were chosen because the cor responding optical density did not differ significantly from background. The mean flow value of each flow class was derived as the average of all pixel flow rates in the respective flow class. The flow threshold of metabolic suppression was then assigned by interpolation to the flow rate at which the threshold criteria were met in 50% of image pixels.
Biochemical analysis of free leucine and tissue ATP content. Tissue samples from the frozen temporoparietal cortex were weighed, sonicated in ion-free water, and precipitated twice with equal volumes of 5% TCA. Fol lowing ether extraction of the TCA-soluble part and pre column derivatization with dansyl chloride (Badoud and Pratz, 1985) , leucine was analyzed on a reverse-phase column (Brownlee, RP-300, 250 x 4 mm, Kontron Instru ments, Eching, F,R.G,) using a linear gradient of 10 to 85% 2-isopropanol in acetate buffer (pH 2.6) and a high performance liquid chromatography system (W aters Chromatography, Eschborn, F,R.G.). The leucine frac tion was collected and the corresponding 14C radioactiv ity was measured with a liquid scintillation counter (L 7000, Beckman Instruments, Inc., Fullerton, CA, U.S,A,), Aliquots of TCA-deproteinized plasma samples were assayed by the same procedure for determination of specific activity of plasma leucine (Xie et al., 1989) , Tissue ATP was measured in samples of 5-\ 0 mg of wet weight taken from the temporoparietal part of the ip si-and contralateral cortex using conventional fluoromet ric techniques (Lowry and Passoneau, 1972) .
Statistical evaluations
Yalues were analyzed by one-way analysis of variance (ANOY A), and statistical differences between experi mental groups were determined by Scheffe's F test. Sta tistical differences of data in the same animal were exam ined with the Wilcoxon signed-rank test. A p value < 0.05 was regarded as statistically significant. Table 1 summarizes the physiological parameters at the time of the investigation of blood flow and metabolism. Arterial blood gas status, arterial plasma glucose content, hematocrit, and mean ar terial blood pressure did not differ significantly be tween sham-operated and experimental animals.
RESULTS
Physiological variables
Blood flow and energy state in nonaffected cortex
Measurements obtained in the ipsilateral and con tralateral cortex of sham-operated animals follow ing exposure of the MCA and in the opposite cortex of MCA-occluded rats are given in Table 2 , Sham operation did not cause significant side-to-side dif ferences of these variables. In the contralateral cor tex of MCA-occluded animals, blood flow-but not energy state-declined by about 15% after 1 h of vascular occlusion. This decrease was transient and disappeared after 6 h. Fractional protein radioactiv ity in contralateral cortex of MCA-occluded ani mals did not differ from sham-operated controls.
Leucine concentrations and specific activities of plasma and brain tissue As shown in Table 3 , average plasma leucine con centration and the integrated plasma specific activ ity did not differ significantly between experimental animals. Brain leucine concentration tended to in crease in the ischemic and to decrease in the non ischemic hemisphere but these differences were not statistically significant. Brain specific activity of leucine remained constant in the nonischemic cor tex but increased significantly by almost 100% in the ischemic hemisphere. Fractional protein incor poration in the ischemic hemisphere, as a conse quence, is an overestimation of the actual protein synthesis rate.
Relationship between local blood flow, protein synthesis, and energy state during MCA occlusion Representative images of local blood flow, total tissue 14C and 14C-Iabeled protein radioactivity, and All values are expressed as means ± SD. n is the number of animals in each of the experimental groups. Measurements were carried out in tissue samples of the temporoparietal cortex of the left and right hemispheres of sham-operated controls and of the (nonischemic) contralateral hemisphere of experimental animals. Fractional protein radioactivity is the ratio of TCA-insoluble to total tissue I'C-radioactivity determined by means of quantitative autoradiography.
Values are means ± SD.
local ATP content following permanent unilateral MCA occlusion are illustrated in Fig. I . One hour after MCA occlusion, ipsilateral cortical flow val ues ranged from 10 to 120 ml 100 g-I min -I (Fig.  IA) . The pictorial comparison between flow values, 14C-Iabeled proteins, and ATP concentration in aligned images indicates that for perfusion values ranging between 20-40 ml 100 g -1 min -I, the se verity of metabolic disturbances are different: the area of reduced protein labeling is much larger than that of energy depletion. After 12 h of permanent MCA occlusion, however, the area of cortical en ergy failure not only approached that of inhibited protein synthesis but also the average flow rate be low which cortical A TP depletion was detected in creased from 15 to approximately 35 ml 100 g-I min -1 (Fig. lB ) .
An example of the evaluation procedure em ployed to determine the ischemic threshold of pro tein synthesis and energy state is provided in Fig. 2 , which uses the same images as shown in Fig. lA .
The ipsilateral cortical flow rates evaluated in image pixels (75 x 75 !Lm) were plotted vs. the values of fractional protein radioactivity or A TP concentra tion measured in the aligned pixels of respective images. The conspicuous scatter is partly due to imperfections in image alignment and because of differences in the grain size between autoradio grams and bioluminescence pictures but the major ity of plotted pixels are superimposed. A data re duction plot was obtained by expressing metabolic inhibition as the percentage of pixels with complete metabolic suppression (see the Materials and Meth ods section) at increasing flow classes of 10 ml 100 g -1 min-I. This plot demonstrates that protein syn thesis is inhibited at substantially higher flow values than energy metabolism (Fig. 3) . This difference in ischemic threshold flow rates may be even larger than it appears from this plot because the specific activity of free leucine was increased in the isch emic territory (see above; see Table 3 ).
The relationship between blood flow and protein Measurements of brain leucine were carried out in tissue samples of the temporoparietal cortex of the left and right hemispheres of sham-operated controls and in the ischemic and non ischemic hemisphere of MCA-occluded rats.
Values are means ± SD. n = number of animals. * Significant difference (p < 0.05) between ischemic and nonischemic hemisphere. synthesis or energy metabolism after increasing du rations of MeA occlusion is summarized in Fig. 4 . The threshold of protein synthesis, defined as the flow value at which 50% of pixels in the respective flow class exhibit complete suppression of amino acid incorporation into brain proteins, remained re markably constant over the observation period and amounted to 55.3 ± 12. 0, 52. 0 ± 9. 6, and 56.0 ± 6. 5 ml 100 g� 1 min � 1 after 1, 6, and 12 h of MeA oc clusion, respectively. The flow threshold of ATP, in contrast, gradually increased from 18. 5 ± 9. 8 ml 100 g�l min�l after 1 h to 23. 2 ± 7. 2 mll00 g� 1 min�l after 6 h, and to 31.9 ± 9.7 ml 100 g� 1 min � 1 after 12 h following MeA occlusion (p < 0.05 compared to 1 h after MeA occlusion; mean ± SD). Thus, the border of A TP depletion gradually approached that of the disturbance of protein synthesis.
DISCUSSION
The major goal of this study was the determina tion of ischemic thresholds of local cerebral protein synthesis and energy state with increasing durations of focal cerebral ischemia. For this purpose, double tracer autoradiography was combined with regional substrate bioluminescence to measure simulta neously local cerebral blood flow, protein synthe sis, and local tissue ATP concentrations after MeA occlusion. In order to study the ischemic threshold in a given region of interest, evaluation of parame ters was performed in image pixels of the MCA occluded cortex, i. e. , in the smallest area (75 x 75 !-Lm) scanned with the microdensitometer. Instead of choosing cortical subregions by anatomical defi nition, the entire cortex was outlined and image pix els in this region of interest were consequently an alyzed by correspondence to flow classes. This ap proach, therefore, accounts for the absolute flow threshold relationships of parameters in one subject rather than being based on the comparison between different experimental groups. The method of mul tiparametric imaging has been validated, and the methodological aspects have been discussed in de tail previously (Mies et aI., 1981a (Mies et aI., , 1981b (Mies et aI., , 1986 ).
In agreement with earlier studies, the present in vestigation demonstrates that 1 h after MCA occlu sion the ischemic threshold for the depletion of A TP occurs below 16% of control flow rates whereas the beginning of the suppression of protein synthesis was already induced at blood flow values approxi mately 80% of the normal flow rate (Jacewicz et aI. , 1986; Xie et aI., 1989) . The new finding of this study is the observation that during the initial 12 h after vascular occlusion in the rat, the perfusion thresh old of protein synthesis at approximately 53 ml 100 g� 1 min � 1 did not change whereas the threshold of disturbance of energy metabolism gradually in creased from 18. 5 mll00 g�l h�l at 1 h to 31.9 ml 100 g�l min�l at 12 h after MCA occlusion. In agreement with a previous study (Nowicki et aI. , 1988) , there apparently exists a region of a meta bolic penumbra in which a time-variant exacerba tion of the consequences of focal ischemia occurs. This seems to indicate that the ischemic threshold of neuronal survival increases with time and sug gests that one of the limiting factors of postischemic J Cereb Blood Flow Metab. Vol. 11. No.5. 1991 recovery is suppression of protein synthesis in con cert with the progressing impairment of energy me tabolism. As a consequence, the ischemic penum bra is not of a static but rather of a dynamic nature with respect to its anatomical location and the se verity of the neuropathological outcome.
In the present study, the ischemic threshold of metabolic failure was assigned to a level of meta bolic suppression that comprised both complete suppression of protein synthesis and deterioration of the tissue energy state in 50% of the area at the respective flow class. These areas, as a conse quence, could represent sites in which selective neuronal injury is also predicted in particular when protein synthesis is inhibited in the absence of tis-sue energy failure. The magnitude of selective neu ronal loss in fact was shown to increase from distant ipsilateral cortex toward the pannecrotic center of the brain infarct following chronic MCA occlusion in cat. Moreover, the number of surviving cortical neurons was found to be proportionate to the cor tical flow rate (Ebhardt et aI. , 1983; Mies et aI. , 1983) . As observed in our study, the area of se verely inhibited rates of protein synthesis increased with decreasing flow rates and this relationship re mained unchanged for as long as 12 h after MCA occlusion. If the metabolic deficits evoked by the inhibition of protein synthesis are not reversed, however, it is likely that selective neuronal injury will ensue even at these high flow levels. When en ergy failure supervenes in this part of the ischemic penumbra, tissue injury becomes manifest as pan necrotic infarction.
Severe suppression of protein synthesis is not unique to cerebral ischemia. Inhibition of global or regional amino acid incorporation into brain pro teins has been observed after application of chem ical inhibitors such as puromycin, anisomycin, or acetoxycycloheximide (see Agranoff, 1981; Kesner et aI. , 1981) ; cortical spreading depression (CSD) (Avaria and Krivanek, 1973; Krivanek, 1978) ; hy perthermia (Heikkila and Brown, 1979a, 1979b) ; fo cal or generalized cerebral seizures (McInnes and Luttges, 1973; Wasterlain, 1974; Fando et aI., 1979; Collins et aI., 1980; Kiessling and Kleihues, 198 1; Collins and Olney, 1982; Dwyer and Wasterlain, 1984) ; hypoglycemia (Metter and Yanagihara, 1979; Kiessling et aI. , 1984 Kiessling et aI. , , 1986 ; and global or focal ce rebral ischemia (Kleihues and Hossmann, 197 1, 1973; Cooper et aI. , 1977; Morimoto et aI., 1978; Dienel et aI. , 1980 Dienel et aI. , , 1985 Morimoto and Yanagi hara, 1981; Nowak et aI. , 1985; Bodsch et aI. , 1986; Thilmann et aI., 1986; Xie et aI. , 1988) . The sup pression of cerebral protein synthesis per se seems to be a rather unspecific metabolic response follow ing irritation of the central nervous system. Possible mechanisms variably appear to be involved in the disruption of protein synthesis: reduced availability of energy-rich phosphates (Kleihues et aI. , 1974) , an increase in the GDP/GTP ratio (Dwyer and Waster lain, 1980) , decreased tissue pH (Morimoto et aI. , 1978) , polysome disaggregation (Kleihues and Hossmann, 1971; Cooper et aI. , 1977; Morimoto and Yanagihara, 1981) , or reduced RNA metabo lism (Albrecht and Yanagihara, 1979) . However, suppression of protein synthesis under most of these conditions lasts only for several hours (A varia and Krivanek, 1973; McInnes and Luttges, 1973; Krivanek, 1978; Kesner et aI., 1981) and neurons are able to survive without structural damage. Since the mean half-lives of brain proteins vary between 3 and 9 days (Chee and Dahl, 1978) , the transient fail ure of synthesis of most proteins does not seem to be a critical factor for the structural integrity of neu rons, provided normal rates of amino acid incorpo ration are re-established within a certain time limit. Only under conditions of a persistent inhibition of protein synthesis, as in the selectively vulnerable areas of the brain after global ischemia (Dienel et aI. , 1980 (Dienel et aI. , , 1985 Bodsch et aI., 1986; Thilmann et aI., 1986) , does a delayed type of cell death occur.
The results of the present study add new aspects to the pathobiochemistry of protein synthesis, i.e., its high susceptibility to mild oligemia that generally has been considered to be far above the threshold of ischemic cell injury. Although this may be surpris ing, there are previous findings in support of our observation (Dienel et aI., 1980; lacewicz et aI., 1986; Xie et aI. , 1989) . Blood flow reduction to 50% leads to a decrease in tissue oxygen tension to <30% of control (Crockard et aI., 1976) . This cor responds to a mild respiratory hypoxia of about 10% that, in fact, decreases global protein synthesis by 30% (Preedy et aI., 1985) . It is conceivable that protein synthesis is reduced already by a rather mild limitation of tissue oxygen availability. Al though this degree of systemic hypoxia does not impair the energy state of brain (Salford et aI. , 1973) , an offset from the normal cellular electrolyte homeostasis cannot be excluded (Blank and Kirsh ner, 1977) .
Of particular interest in this context are derange ments of the intra-/extracellular calcium balance. A possible mediator of this is spreading depression, which has been shown to occur in the border zone of infarcts (Nedergaard and Astrup, 1986) . Spread ing depression is characterized by transient depo larization of cell membranes associated with an in flux of calcium into the intracellular compartment through voltage-and receptor-operated calcium channels. It also leads to a depression of protein synthesis (Avaria and Krivanek, 1973; Krivanek, 1978) . Multiple potential regulatory mechanisms ex ist for protein synthesis, among which initiation fac tor phosphorylation seems to play an important role. Calcium-sensitive protein kinase C can be ac tivated by elevated calcium concentrations and re duce the initiation of polypeptide chains by phos phorylating the IX (Duncan and Hershey, 1989 ) and! or 13 subunit of polypeptide chain initiation factor eIF2 (Schatzman et aI., 1983) .
If calcium is involved in this process, factors in terfering with membrane calcium fluxes can be ex pected to reverse the suppression of protein synthe sis and, consequently, improve cell survival. There are, in fact, experimental observations that support this hypothesis. Inhibitors of the N-methyl D-aspartate (NMDA)-operated calcium channels such as the NMDA-receptor antagonist MK801 have been shown to block the generation of spread ing depression (Hernandez-Caceres et aI. , 1987) and are able to reduce the size of infarcts without inter fering with blood flow or energy metabolism (Ozyurt et aI., 1988; Park et aI., 1988) . It could also explain the large therapeutic window of such drugs because suppression of protein synthesis is toler ated for many hours.
In conclusion, our results suggests that the limit ing factor for cell survival in the ischemic penumbra after cerebrovascular occlusion is not the early postischemic threshold of energy metabolism and ion homeostasis but rather the persistence of sup pressed protein synthesis at a much higher perfu sion threshold. Therapeutic strategies for minimiz ing the severity of brain injury, as a consequence, should aim to reverse this otherwise fatal complica tion of cerebral ischemia.
